A normal pregnancy consumes 500-800 mg of iron from the mother. Premenopausal women have a high incidence of marginal iron stores or iron deficiency (ID), with or without anemia, particularly in the less developed world. Although pregnancy is associated with a "physiologic" anemia largely related to maternal volume expansion; it is paradoxically associated with an increase in erythrocyte production and erythrocyte mass/kg. ID is a limiting factor for this erythrocyte mass expansion and can contribute to adverse pregnancy outcomes. This review summarizes erythrocyte and iron balance observed in pregnancy; its implications and impact on mother and child; and provides an overview of approaches to the recognition of ID in pregnancy and its management, including clinically relevant questions for further investigation.
Introduction
Anemia with a hemoglobin (Hb) concentration no lower than 10 g/dL at term, occurs in nearly all pregnancies, and in the majority of cases reflects a physiologic process (discussed below) rather than a deficiency state or underlying hematologic disorder [1] . Significant anemia in pregnancy (defined as a Hb concentration <11 g/dL in the first trimester or <10 g/dL in the second and third trimesters) occurs with a prevalence ranging between 2% and 26%, depending upon the population studied [2] [3] [4] . Anemia is a major contributor to maternal and fetal morbidity and mortality, particularly in less developed countries [2] [3] [4] [5] [6] . Of the pathologic causes of anemia in pregnancy, anemia due to iron deficiency (IDA) is the most common, particularly in more developed countries, where contributions from other anemia-producing disorders such as malaria or hemoglobinopathies are less significant [7] [8] [9] .
Anemia in pregnancy, and particularly IDA, is both a long-standing scholarly interest and an element of my practice as a hematologist. In preparing for this review, PubMed searches using the terms "pregnancy" and "iron deficiency" were performed. A date range was not specified, but the focus was on papers 2015 and later. Specific searches for subtopics included "hepcidin", and "guidelines". Approximately 71 reports, reviews, or studies new to the author were identified through this process.
Physiologic Anemia of Pregnancy
The effects of ID on red cell production occur in the context of what is usually called the physiologic anemia of pregnancy. This is a phenomenon that is conserved across mammalian species [10, 11] , and it 2 of 15 is hypothesized that the physiologic anemia of pregnancy serves the purpose of enhancing placental perfusion by reducing maternal blood viscosity and facilitating oxygen and nutrient delivery to the fetus by expanding the erythrocyte mass [12] . Beginning approximately the sixth week of pregnancy, the plasma volume increases disproportionately to the erythrocyte mass, reaching a maximum value at approximately 24 weeks' gestation. At maximum, the plasma volume is 40-50% higher than at the start of pregnancy [13] .
Since the parameters used to identify anemia in clinical practice (the hematocrit (Hct), the blood Hb concentration, and the circulating erythrocyte count) are expressed as concentrations based on whole blood volume, the expanded plasma volume causes them to decrease and hence produces "anemia". While Hb concentration, Hct, and to a lesser degree erythrocyte count, are the anemia indicators used in practice, these parameters are only surrogates for the actual definition of anemia: a reduction in erythrocyte mass per unit body weight [14] . By this criterion, the physiologic anemia of pregnancy is not actually anemia: a 15-25% increase in the erythrocyte mass occurs in pregnancy but is concealed by the dilutional effect of the increase in plasma volume [15] . This is driven by an increase in serum erythropoietin concentrations during the late second and early third trimesters [16] and is facilitated or potentially limited by iron availability. Pregnant women using iron supplementation have a greater increase in erythrocyte mass than women not using supplemental iron [1] , and women with compromised iron stores at outset of pregnancy will have a limited increase in erythrocyte mass. The upper limit of erythrocyte mass increase in the presence of adequate iron is, however, regulated through erythropoietin control and is not raised by increased iron availability: pregnant women in the Bantu tribe, who have both an iron-rich traditional diet and a genetic predisposition to increased dietary iron absorption, do not increase Hb concentration or Hct with supplementation [17, 18] .
As a result of the reset balance between plasma volume and erythrocyte mass, it is generally considered that a Hb concentration <11 g/dL in the late first trimester and <10 g/dL in the second and third trimesters should be investigated for a cause other than the physiologic anemia of pregnancy [19] . Figure 1 shows hemoglobin concentrations by trimester based on reports from Norway [19] , Jamaica [20] , and China [21] . [10, 11] , and it is hypothesized that the physiologic anemia of pregnancy serves the purpose of enhancing placental perfusion by reducing maternal blood viscosity and facilitating oxygen and nutrient delivery to the fetus by expanding the erythrocyte mass [12] . Beginning approximately the sixth week of pregnancy, the plasma volume increases disproportionately to the erythrocyte mass, reaching a maximum value at approximately 24 weeks' gestation. At maximum, the plasma volume is 40%-50% higher than at the start of pregnancy [13] .
Since the parameters used to identify anemia in clinical practice (the hematocrit (Hct), the blood Hb concentration, and the circulating erythrocyte count) are expressed as concentrations based on whole blood volume, the expanded plasma volume causes them to decrease and hence produces "anemia". While Hb concentration, Hct, and to a lesser degree erythrocyte count, are the anemia indicators used in practice, these parameters are only surrogates for the actual definition of anemia: a reduction in erythrocyte mass per unit body weight [14] . By this criterion, the physiologic anemia of pregnancy is not actually anemia: a 15%-25% increase in the erythrocyte mass occurs in pregnancy but is concealed by the dilutional effect of the increase in plasma volume [15] . This is driven by an increase in serum erythropoietin concentrations during the late second and early third trimesters [16] and is facilitated or potentially limited by iron availability. Pregnant women using iron supplementation have a greater increase in erythrocyte mass than women not using supplemental iron [1] , and women with compromised iron stores at outset of pregnancy will have a limited increase in erythrocyte mass. The upper limit of erythrocyte mass increase in the presence of adequate iron is, however, regulated through erythropoietin control and is not raised by increased iron availability: pregnant women in the Bantu tribe, who have both an iron-rich traditional diet and a genetic predisposition to increased dietary iron absorption, do not increase Hb concentration or Hct with supplementation [17, 18] .
As a result of the reset balance between plasma volume and erythrocyte mass, it is generally considered that a Hb concentration <11 g/dL in the late first trimester and <10 g/dL in the second and third trimesters should be investigated for a cause other than the physiologic anemia of pregnancy [19] . Figure 1 shows hemoglobin concentrations by trimester based on reports from Norway [19] , Jamaica [20] , and China [21] .
Maternal plasma volume generally decreases during the final weeks of pregnancy, and consequently the Hct, Hb, and circulating erythrocyte count increase [13] . The maternal blood volume generally returns to prepregnancy levels within one to six weeks after delivery and maternal erythropoiesis increases late in gestation and returns to normal by about one month after delivery [22] . Maternal plasma volume generally decreases during the final weeks of pregnancy, and consequently the Hct, Hb, and circulating erythrocyte count increase [13] . The maternal blood volume generally returns to prepregnancy levels within one to six weeks after delivery and maternal erythropoiesis increases late in gestation and returns to normal by about one month after delivery [22] .
Iron Balance: An Overview
A detailed discussion of the regulation of iron balance is outside the scope of this review, and the reader is referred to recent reviews [23] [24] [25] . Iron content in the human body is carefully regulated Nutrients 2020, 12, 447 3 of 15 and is normally maintained at about 40 mg/kg in women and about 50 mg/kg in men. Since humans are unable to excrete excess iron in a regulated manner, iron balance is controlled at the levels of iron absorption by enterocytes in the duodenum, and of iron mobilization from liver parenchyma and macrophages. These processes are regulated by hepcidin, a small peptide produced in the liver. Hepcidin binds to a cellular iron export protein, ferroportin, causing its internalization. When hepcidin levels are increased, iron is retained in enterocytes or macrophages and is not available for red cell production. When hepcidin is decreased, either because of ID or by increased erythropoiesis, absorbed iron in the enterocytes or stored iron in macrophages are mobilized into the circulation [23, 24] .
Absorption of dietary iron is also affected by the iron source and duodenal conditions, such as pH. The proportion of iron absorbed from heme iron and non-food sources such as iron salts or saccharates is approximately 10-15% of elemental iron, while less than 2% of elemental iron from vegetable sources is absorbed. ID may double the percent iron absorption from any given source [26] .
Iron is transported from the enterocyte to the plasma iron transport protein transferrin. The amount of iron bound to transferrin and in circulation is approximately 0.2 mg/kg [27] under normal circumstances. Storage iron resides in macrophages of the spleen, bone marrow, or liver, and in liver parenchymal cells (5-6 mg/kg in women, 10-12 mg/kg in men). Macrophage iron is largely derived from recycling of senescent erythrocytes while liver parenchymal cells receive or release iron from or to transferrin [27] . The largest pool of iron in the body is in circulating erythrocytes and erythroid precursors in the bone marrow (approximately 28 mg/kg in women and 32 mg/kg in men). Nearly all of this erythrocyte iron is in the form of Hb [27] .
Iron Requirements during Pregnancy
It is generally considered that a normal singleton pregnancy carried to term requires a transfer of 500-800 mg of maternal iron [28] . It is estimated that the demand for absorbed iron increases from 0.8 mg/day in early pregnancy to 7.5 mg/day in late pregnancy, with an average requirement over the entire course of pregnancy of 4.4 mg/day [29] . In a study of healthy pregnant women in Denmark, the 5th percentile Hb value of subjects receiving supplementation with 66 mg elemental iron/day was consistently higher than that of the subjects receiving placebo. Differences were small in the first trimester (0.1 mg/dL Hb higher) and gradually increased into the second (0.1-0.4 mg/dL Hb higher) and third trimesters (0.3-0.9 mg/dL Hb higher) and the postpartum period (1 mg/dL Hb higher) [19] . The relatively small difference in the first trimester likely reflects a high incidence of ID or marginal iron stores in both groups and the steadily increasing gap reflects the increasing iron requirements of pregnancy that are not being met in the placebo group. In a large review of premenopausal women, only 20% had presumed iron reserves of >500 mg (defined as a serum ferritin concentration >70 µg/L), and would potentially be able to go through pregnancy without iron supplementation [30] . This is consistent with an earlier study in which women who received or did not receive iron supplementation during pregnancy underwent bone marrow evaluation after delivery. Only 16% of women not supplemented with oral iron had stainable iron in bone marrow aspirates after delivery at term, although their mean Hb concentration (10.9 g/dL) was in the expected range for the third trimester [1] .
ID in Premenopausal Women
ID reflects depleted iron stores. Although the "gold standard" for ID is the absence of stainable reticuloendothelial iron on a bone marrow specimen, in clinical practice it is usually defined by surrogate laboratory markers such as a low serum ferritin or a decreased percentage of transferrin saturation by iron [31] . Values for these parameters are discussed below.
The frequency of ID in pregnancy reflects not only the iron requirements of pregnancy but also the high frequency of ID among premenopausal women. Specific estimates vary depending on the population studied and the specific parameter used to define ID. Differing diagnostic criteria for ID in pregnancy are discussed below. In a recent study reported from the USA defining ID by Nutrients 2020, 12, 447 4 of 15 either low serum ferritin (<30 µg/L) or low transferrin saturation (<19%), 42% of unselected women in the first trimester who were not anemic met laboratory criteria by for ID [32] . Frequency of ID may also differ by patient population. Using a serum ferritin cutoff of 20-30 µg/L to indicate ID or minimal iron stores [32] [33] [34] [35] , at least 25% of women age 15-39 participating in the US Third National Nutrition and Health examination Survey (NHANES) [36] , were iron deficient ( Table 1 ). The subsets of African-American and non-Latina white women resembled the overall survey population, but 50% of Latina women in this age range were iron deficient. In a review of studies from Europe, 40-55% of premenopausal women were reported as iron deficient [35] . For the most part, ID in premenopausal women results primarily from an imbalance between nutritional iron intake and physiologic blood loss through menses or previous pregnancy. Decreased dietary iron intake can contribute to this imbalance, as in women following a vegetarian or vegan diet who do not use an iron supplement, or who have iron malabsorption [37, 38] . Menstrual blood loss can represent 25-50 mg iron per cycle [33] depending upon the patient's Hct/Hb concentration and the individual pattern of menstruation, and can be substantially greater in patients with menorrhagia [39] . This is distinct from the situation for men and for post-menopausal women, in whom ID is a consequence of blood loss from a pathologic lesion, most commonly in the gastrointestinal tract, and where an endoscopic investigation for a source of blood loss is required [40] . However, pregnant women may require evaluation for a site of pathologic blood loss if the clinical situation suggests it.
Evaluation for ID and IDA in Pregnancy
ID can exist without anemia when iron stores are absent but the ongoing iron deficit is not sufficiently severe to produce a decreased Hb concentration. This state is much more common in healthy women than in healthy men. In a study defining the normal range for serum soluble transferrin receptor concentrations, ID with normal blood counts was seen in 9.5% of healthy adult women volunteers (premenopausal and postmenopausal) but only 1.5% of men [41] . As noted earlier, in a study of non-anemic women in the first trimester of pregnancy, 42% were iron deficient [32] . ID without anemia is frequently a transient stage; the clinical significance of ID without anemia is a subject of active research [42] .
IDA develops when iron intake is insufficient to meet continuing demands for red cell production, and follows stages that have been well defined for many years [43] . The initial stage is referred to as iron deficient erythropoiesis, or sometimes iron-restricted erythropoiesis. This term is also used to describe erythropoiesis in circumstances such as the anemia of chronic disease/inflammation where cytokine-driven hepcidin production impairs iron mobilization despite sufficient storage iron [44] . In the initial stages of iron deficient erythropoiesis, Hb concentration/Hct begin a gradual decline, but erythrocytes remain morphologically normal. The biochemical tests noted in Table 2 (serum iron concentration, total iron binding capacity (TIBC), transferrin concentration, and ferritin concentration) are decreased at this point. As noted above, if iron intake is sufficient to maintain the Hb/Hct and daily losses, the patient may remain in a steady state of iron deficient erythropoiesis. Otherwise, as unmet demands for iron continue, a decline in Hb of 1-2 mg/dL occurs (which may still be within the Hb normal range), the average erythrocyte size (reported by electronic cell counters as the mean corpuscular volume, MCV) begins to decline. Shortly thereafter, the concentration of Hb in the erythrocyte (mean Nutrients 2020, 12, 447 5 of 15 corpuscular Hb concentration, MCHC) also begins to decline. This pattern is outlined in Table 2 . The speed with which these changes occur and progress to IDA depends on the ongoing iron deficit. This process of decreased MCV (microcytosis) and decreased MCHC (hypochromia) leads to the characteristic morphologic appearance of IDA [43] . (Figure 2 ). deficient erythropoiesis. Otherwise, as unmet demands for iron continue, a decline in Hb of 1-2 mg/dL occurs (which may still be within the Hb normal range), the average erythrocyte size (reported by electronic cell counters as the mean corpuscular volume, MCV) begins to decline. Shortly thereafter, the concentration of Hb in the erythrocyte (mean corpuscular Hb concentration, MCHC) also begins to decline. This pattern is outlined in Table 2 . The speed with which these changes occur and progress to IDA depends on the ongoing iron deficit. This process of decreased MCV (microcytosis) and decreased MCHC (hypochromia) leads to the characteristic morphologic appearance of IDA [43] . (Figure 2 ). Although a number of biochemical tests for the assessment of iron status are widely available (Table 2) , their interpretation and use are affected by a variety of circumstances. Serum ferritin concentration is a marker of reticuloendothelial iron stores, and a serum ferritin concentration that is below the normal range is the most specific biochemical indicator of ID. A number of studies suggest that it is the most effective single test for ID screening in pregnancy [45, 46] . However, there is disagreement as to what constitutes a serum ferritin concentration diagnostic of ID in women [47, 48] . This reflects the high frequency of asymptomatic ID among healthy women from whom population-based laboratory values are derived. As an example, the lower limit of normal for serum ferritin concentration from an Nutrients 2020, 12, 447 6 of 15 international reference laboratory is 11 µg/L in women but 24 µg/L in men (www.mayocliniclabs.com). In contrast, studies correlating serum ferritin concentrations with bone marrow iron stains suggests that the ferritin value indicative of absent or significantly reduced marrow iron stores is approximately 30 µg/ L iron stores, without relation to subject sex [34, 49] . A recent systematic review of serum ferritin thresholds for ID in pregnancy reported that most studies used values of 12-15 µg/L but that thresholds ranged as high as 30 µg/L. Rationales for the choice of a threshold were rarely provided, and the conclusion of the authors was that standardization is required [47, 50] . Table 3 lists thresholds used in various studies and guidelines. Lower ferritin thresholds are associated with significantly decreased sensitivity for ID with a minimal increase in sensitivity. It has been estimated that a ferritin threshold at 30 µg/L is 98% specific and 92% sensitive for ID, while a serum ferritin threshold of 10 µg/L is only 25% sensitive [32] . Although a low serum ferritin is always indicative of ID, serum ferritin is an acute phase reactant that may be increased out of proportion to iron stores by infection, inflammation, liver disease, malignancy, or other conditions. In such circumstances, ID may be present with normal or mildly increased serum ferritin concentration [51] This is typically not an issue in otherwise healthy young women but may be a confounding factor in more complex patients. Methods for adjusting serum ferritin based on markers of inflammation such as C-reactive protein have been proposed [52] , although in most cases the use of additional tests (discussed below) will identify ID when it is suspected in a patient with normal serum ferritin concentration. Other representative studies were selected from PubMed using the search terms "iron deficiency", "ferritin", "pregnancy" since 2015.
As noted earlier, iron for erythropoiesis circulates bound to transferrin. Transferrin may be directly measured and expressed as a protein concentration or expressed functionally as TIBC (quantity of bound iron per volume of serum or plasma). A detailed discussion of the relationship between these parameters is outside the scope of this review [58, 59] . From a clinical perspective, they serve the same diagnostic purpose, and clinical laboratories frequently report one or the other. Transferrin and TIBC are elevated in uncomplicated ID [60] , but may be decreased by inflammation or malnutrition [61] . Similarly, a decreased serum or plasma iron concentration may reflect decreased iron stores or may reflect impaired iron mobilization due to inflammation and mediated by hepcidin in most cases [62, 63] . The availability of iron for erythropoiesis (as distinct from iron stores estimated by serum ferritin) is assessed by the percent of transferrin/TIBC saturation by iron. A decreased transferrin saturation (particularly when the transferrin concentration/TIBC is normal or increased) correlates with other indicators of ID in pregnancy [64] , and can indicate ID in patients with a normal ferritin concentration in whom ID is suspected on a clinical or statistical basis.
An increased concentration of serum soluble transferrin receptor (sTfR) is associated with ID but also with increased erythropoiesis from congenital hemoglobinopathies, other causes of hemolysis, or ineffective erythropoiesis. It is not increased or decreased by inflammation [31, 41] . In pregnancy, demonstration of an elevated serum sTfR concentration, particularly in a patient with a normal or elevated serum ferritin concentration suspected to be elevated out of proportion to iron stores, confirms ID [65] . The specificity of sTfR for ID may be enhanced by expressing it as the ratio of sTfR to the log value of serum ferritin [66] . However, the sTfR ratio does not appear to be more effective than serum ferritin concentration in more general circumstances [67] . The role of hepcidin as the primary mediator of iron homeostasis has been noted earlier. Hepcidin levels are increased in the anemia of inflammation/chronic disease and decreased in ID, and can be used to distinguish these two syndromes, both of which are associated with hypoferremia [68] . Measurement of hepcidin for clinical purposes is not widely available at present but may become so in the next few years. Hepcidin appears to be an effective indicator of ID in pregnancy [69, 70] , but its specific role in management remains to be determined [71] .
Impact of ID during Pregnancy
Assessing the impact of maternal ID on pregnancy course and on early childhood development is more complex than it might appear at first. ID is more common in economically and socially disadvantaged populations [72] , and these challenges may contribute independently to complications in pregnancy and early childhood development. In the case of IDA, questions may arise as to whether any negative effect is a general consequence of anemia or is specific to ID [73] . In one recent report in women who were infected with schistosomiasis during pregnancy, maternal IDA appear to predict child ID at six months of age [74] . ID may also be a marker for other nutritional issues. In a study from Pakistan, underweight women in early pregnancy had lower serum ferritin concentrations than either normal body weight or overweight mothers [75] .
ID can contribute to impaired cognitive development in early childhood [76] , and the opportunity to intervene during pregnancy and avoid this complication is appealing from a public health perspective. However, it is not entirely clear that maternal iron supplementation during pregnancy can reverse effects of maternal ID during pregnancy on neurodevelopment [77, 78] . Two recent systematic reviews found no evidence that iron supplementation during pregnancy improved neurodevelopment in offspring [76, 79] . The specific frequency of ID in the populations studied may have contributed to the absence of a statistically significant effect: benefits may have been confined to patients who were iron deficient or had marginal iron stores at the time of treatment [79, 80] . From a standpoint of newborn anemia/iron status, the evidence appears more clear: studies spanning 60 years that consistently support the concept that maternal ID typically does not reduce fetal iron supply. The fetus appears to be prioritized by the biology of gestation as a recipient of iron and the nutrients required for Hb synthesis. As a result, the Hb concentration of infants born to mothers with IDA is usually normal for infant age and values for biochemical markers of iron status (such as serum iron, transferrin saturation, and serum ferritin) observed in the newborn appear to be unrelated to those observed in the mother [81] [82] [83] [84] [85] [86] [87] [88] . However, serum ferritin concentration in cord blood at the time of delivery seems to predict the serum ferritin concentration in the first two years of life [89] . The availability of newer approaches to evaluating iron homeostasis may lead to changes in this paradigm. A report by Lee and colleagues indicates a higher prevalence of newborn anemia and markers of decreased iron availability (decreased cord blood ferritin relative to reported values, increased serum sTfR) in children born to iron-deficient adolescent mothers [90] . Further investigation in this population is certainly warranted, particularly to identify the prevalence of maternal factors independently associated with newborn anemia, such as maternal obesity or tobacco use [91] . While sTfR is increased in ID, it is also a marker of erythropoietic activity, raising the possibility that the cord blood ferritin was relatively low due to increased mobilization of iron stores for erythropoiesis. The elevated erythropoietin levels observed could also be consistent with this interpretation [90] .
Evidence for effects of maternal ID on the course of pregnancy is clearer. ID leads to placenta hypertrophy [92] , and severe maternal ID appears to increase the risks of premature delivery, low birth weight, and infant death [93] . In at least one study, IDA in the first trimester was associated with low birthweight, but development of ID later in pregnancy was not [94] . However, it is important to consider that maternal ID may be a marker for food insecurity or lack of prenatal care, which may have similar effects. It is also a challenge to distinguish effects of anemia generally from effects specific to ID [73] . In the case of the mother, hematologic benefits of iron supplementation are less disputed [95, 96] . In a review of published reports, routine iron supplementation decreased the frequency of anemia at term by 73% and the frequency of IDA by 67% [97, 98] . Table 4 summarizes results from a Cochrane Database systematic review comparing outcomes of daily iron supplementation to placebo or no iron supplementation [71, 96] . Table 4 . Maternal and newborn outcomes of daily iron supplementation compared to placebo or no supplementation. Summary of a systematic review [96] .
Difference Observed (Number of Studies) No Difference Observed (Number of Studies)
Mother ↓ Frequency of anemia at term (11) Frequency of maternal infection (1) ↓ Frequency of IDA at term (6) Frequency of maternal mortality (2)
↓ Frequency of ID at term (7) Frequency of iron side effects ( 
Approach to Iron Administration in Pregnancy
At present, neither the US Preventive Services Task Force nor the American College of Obstetricians and Gynecologists (ACOG) take a position on routine iron supplementation in pregnancy [53, 99] , and society guidelines in the UK recommend against it. Both the ACOG and the UK guidelines recommend screening for anemia as a surrogate for detecting ID. The recommended standards at which anemia should be investigated from both societies are generally consistent with the earlier discussion in this review of the expected degree of anemia from the physiologic anemia of pregnancy: 11.0 g/dL in the first and third trimesters, and 10.5 g/dL in the second trimester (ACOG), or 11.0 g/dL in the first trimester and 10.5 g/dL in subsequent trimesters (UK) [53] [54] [55] . Both guidelines suggest a trial of iron as the initial step, with subsequent investigation for other causes if there is an insufficient response. This approach poses a risk of missing individuals who are iron deficient but not anemic as well as the early stages of ID. It has been suggested, based upon cross-sectional studies of reproductive age women who are not pregnant, that a hemoglobin threshold of 12.8 g/dL (higher than the World Health Organization standard of 12.0 g/dL) is a more appropriate cut off for identifying women at risk for ID [100] . Neither the ACOG nor UK guidelines recommend routine screening with iron studies, but the UK guidelines recommend measuring serum ferritin in women perceived to be at high risk for ID, even if they are not anemic [54, 55] . The most effective approach to anticipating and managing ID risk in pregnancy is a critical topic for future research. (See Section 9, below)
There are two general approaches to iron supplementation in pregnant women who are not anemic. These are selective supplementation, typically guided by laboratory values or by patient demographics in high-risk areas; and routine or universal supplementation. One well-described approach to selective supplementation is based on estimation of iron stores by serum ferritin. When the serum ferritin is greater than 70 µg/L, iron stores are considered adequate to support pregnancy and no supplementation is given. When serum ferritin is less than 30 µg/L, iron stores are considered absent or nearly absent, and the patient is treated with 80-100 mg elemental iron/day orally. Women whose ferritin values are between these points receive low-dose supplementation of 30-40 mg/day [101] . A recent systematic review supports the concept that intermittent iron supplementation in pregnancy (2-3 times weekly, as opposed to daily) is as effective as daily supplementation, and associated with fewer side effects and presumably, higher compliance [102] .
By those criteria, more than 75% of the women participating in the Third NHANES study overall (Table 1 ) would require supplementation at some level, and more than 90% of Latina women would require supplementation. For this reason, many physicians utilize routine or universal iron supplementation in all pregnant women. An alternate approach to selective supplementation has been proposed using hepcidin as the indicator of early ID and a need for therapy. A recent report comparing a hepcidin-guided supplementation approach to a universal prophylaxis approach showed similar patient outcomes in both groups [71] . This study was performed in a high-risk population in Gambia, and this approach may have different outcomes in other venues.
One reason to avoid routine supplementation in the less developed world is concern that iron supplementation will increase risk of infection with iron dependent microorganisms and parasites, including malaria. A study in Papua New Guinea found that the benefits of iron supplementation on maternal anemia and birthweight exceeded potential risk, although the benefits were most pronounced in patients who had some degree of ID [80] . In general, iron supplementation is considered low risk [53] , and an iron supplement of 65 mg elemental iron mg/day beginning at or before 20 weeks' gestation generally is adequate to prevent ID during pregnancy [30] . However, one of the arguments against routine iron supplementation, particularly in the less-developed world, is that benefits on infant neurocognitive development (as distinct from benefits on maternal anemia and iron stores) have not been demonstrated clearly, as was discussed earlier [79] .
In keeping with the UK and ACOG guidelines, investigation for an etiology of anemia would occur if Hb were below the levels described. At this point, the focus moves beyond supplementation (which could be regarded as providing the additional iron required for gestation to a person with adequate iron stores) to the treatment of IDA. The objective in the treatment of IDA is correction of anemia and also repletion of absent iron stores. If initiated early in pregnancy, therapy will need to accommodate the 500-800 mg of iron that will be transferred to the newborn as well as maintaining the maternal Hb/Hct and repleting iron stores. A reasonable approach to therapy is to provide 60-100 mg of elemental iron per day. A variety of oral iron preparations are available and patient preference and, in some cases, considerations of the financial cost to the patient, can govern choices. Traditionally, ID was treated with oral iron three times daily. Subsequent studies investigating the interaction of oral iron therapy with the hepcidin axis led to the recognition that the hepcidin increment caused by therapeutic doses of iron salts or saccharates decreases absorption for approximately 24 h, implying that once daily oral iron therapy is as effective or more effective than the traditional twice or three times daily dosing [103] . Failure to respond to oral iron should lead to a re-assessment of iron status (as described Section 6.) This would be to address problems with iron absorption leading to a poor response or (more commonly) lack of compliance with iron therapy, but also to consider other potential etiologies of anemia in pregnancy. Oral iron therapy for IDA in pregnancy should continue until the Hb/Hct and MCV are in the normal range, and until the serum ferritin has also returned to a solidly normal value (certainly higher than 30 µg/L and probably higher than 50 µg/L) indicating adequate iron stores.
Most pregnant patients are able to tolerate oral iron, particularly when given once daily or on an intermittent schedule. However, if the patient is unresponsive to oral iron, or unable/unwilling to take iron orally, intravenous iron therapy is safe and effective [104] . An advantage of intravenous iron therapy is that it corrects Hb/Hct and iron stores concurrently and rapidly. Recent systematic reviews indicate that intravenous iron therapy in pregnancy allows more complete achievement of desired Hb concentrations [105, 106] . A number of intravenous iron preparations are available, with different dosing schedules, and a detailed discussion of these is outside the scope of the current review. In most cases, the total dose to be administered intravenously is 1000-1500 mg elemental iron.
In the absence of gastrointestinal signs or symptoms, endoscopic evaluation of the gastrointestinal tract is unlikely to identify a lesion accounting for blood loss in premenopausal women with ID, and can be deferred safely in favor of a trial of iron replacement [107] . As noted earlier, failure to respond to iron therapy should prompt evaluation for either ongoing sources of blood loss if there is persisting evidence of ID, or consideration of other etiologies of anemia.
ID in Pregnancy: Areas for Further Research
Although ID in pregnancy is a common syndrome for which effective diagnosis and therapy exists, there remain many opportunities for further research to enhance management and understanding of pathogenesis. A number of these opportunities have been noted in this review. Areas of particular importance include the following:
1.
What is the most effective screening approach? While guidelines from specialty societies recommend screening for anemia as a surrogate for the detection of ID, specific assessment of iron status is restricted to high risk subsets of patients. Should specific testing for iron status replace or complement screening for anemia in all patients? If not, what is the appropriate Hb/Hct level II most effectively detect ID? 2.
In identifying ID in pregnancy, what is the optimal serum ferritin threshold? Most studies and recommendations favor measurement of serum ferritin concentration as either the recommended initial assessment or as a reasonable choice for initial assessment. Thresholds of serum ferritin concentration for the identification of ID in pregnancy range from 10 µg/L to 30 µg/L. should the standard for ID be the lower limit of the population ferritin range (10-15 µg/L) in women, or should it be a value supported by correlation with bone marrow iron status or with some other factor such as sTfR concentration? 3.
Is there a role for universal supplementation? If not, what are the parameters that will guide supplementation? Should they be guided by serum ferritin concentration, transferrin saturation, sTfR, or hepcidin? If a stratified/guided approach to iron supplementation in pregnancy is proposed, what are its benefits and costs compared to universal supplementation, looking at parameters of maternal and fetal/newborn l outcomes as well as iron status? 4.
What is the role of hepcidin in the diagnosis of ID in pregnancy and in its management? Hepcidin provides the potential for a mechanistic, biologically based approach to the assessment of ID in pregnancy as opposed to various surrogate measures of iron stores or availability. Is hepcidin more useful in diagnosis and management than other, more standard, iron parameters such as ferritin? What are the limitations around availability and cost-effectiveness? 5.
Is there a benefit from maternal iron supplementation/anemia correction for newborn neurocognitive development? As noted in the review, it is unclear that maternal iron supplementation during pregnancy as a beneficial effect on newborn neurocognitive development. Should studies to address this focus only on iron deficient mothers, in whom the potential for benefit may be highest? If such studies demonstrate a benefit, how can it be optimized? 6.
What is the most cost-and outcome-effective way to deliver iron supplementation/replacement and to perform screening in resource-poor settings? Mothers with access to a high level of prenatal care have additional options for diagnosis and management of ID, such as laboratory testing for serum ferritin or intravenous iron therapy if there is a poor response to oral iron. Mothers in resource-poor environments (which could include individuals with limited healthcare access in more developed nations) may be limited to Hb/Hct testing and oral iron preparations. What is the optimal way provide treatment of this common clinical issue in a way that recognizes economic limitations but also maximizes favorable outcomes?
